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A restraint system's main function i s  to restrain its occupant when his 
vehicle i s  subjected to acceleration. If the restraint system i s  rigid and 
well-fitting (to eliminate slack) then it will transmit the vehicle accelera- 
tion to its occupant without modifying it in any way. Few present-day 
restraint systems are stiff enough to give this one-to-one transmission 
characteristic, and depending upon their dynamic characteristics and 
the nature of  the vehicle's acceleration-time history, they will either 
magnify or attenuate the acceleration. Obviously an optimum restraint 
system will give maximum attenuation of an input acceleration. In the 
general case of an arbitrary acceleration input, a computer must be 
used to determine the optimum dynamic characteristics for the restraint 
system. Analytical solutions can be obtained for certain simple cases, 
however, and these cases are considered in this paper, after the con- 
cept of dynamic models of the human body i s  introduced. The paper 
concludes with a description of  an analog computer specially developed 
for the Air Force to handle completely general mechanical restraint opti- 
mization programs of this type, where the acceleration input may be 
any arbitrary function of  time. 
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The Human Body a s  a D y n a m k  System 
t h e  human body may be represented  as a dynamic 
system. The app l i ca t ion  of dynamic-model tech-  
nique t o  a s t r u c t u r e  such a s  a w i n g  is  easy t o  
d iscuss  because it has been employed for many 
years  by a g r e a t  many engineers  around t h e  world, 
and t h e  e f f i cacy  of t h e i r  methods is obvious t o  
everyone. S i m i l a r l y ,  we could probably d iscuss  
dynamic models for rubber  cement, t h e  Queen Mary 
or ex t r a -ga lac t i c  nebulae without  running i n t o  
much cont roversy .  Whenever t h e  s t r u c t u r e  is capa- 
b l e  of reproduct ion ,  however, we seem t o  run  i n t o  
communication d i f f i c u l t i e s ,  and p a r t i c u l a r l y  i n  
t h e  case  of t h e  human body it has sometimes proved 
d i f f i c u l t  t o  g a i n  gene ra l  acceptance of t h e  f a c t  
that  t h e  methods of s c i ence  and engineer ing s t i l l  
apply .  A g r e a t  dea l  of  cont roversy  has been gen- 
e r a t e d  over t h e  p a s t  few years  s i n c e  t h e  o r i g i n a l  
(and independent) proposals  were made by Latham 
(1)2 i n  England and Kornhauser ( 2 ) .  ( 3 )  i n  t h i s  
count ry .  It is probably s a f e  t o  s a y  that t h i s  
phase is  now l a r g e l y  over,  however, p a r t i c u l a r l y  
because of t h e  exce l l en t  r e s u l t s  now being ob- 
t a ined  w i t h  dynamic models of t h e  human body i n  
p r a c t i c a l  a p p l i c a t i o n s .  O f  p a r t i c u l a r  importance 
is t h e  f a c t  that dynamic models b u i l t  up i n  de- 
t a i l  from cadaver t e s t  da ta  f o r  i nd iv idua l  compo- 
nents  of t h e  body [ (4 )  for example] g i v e  exce l l en t  
agreement with t h e  r e s u l t s  of t e s t s  us ing  l i v e  hu- 
man s u b j e c t s .  Also it I s  now more g e n e r a l l y  un- 
ders tood  t h a t  we a r e  applying t h e  bas i c  approach 
of t h e  l ' s c i e n t i f i c  method" upon which t h e  whole of 
our c i v i l i z a t i o n  i s  based, r a t h e r  t han  making w i l d  
and improbable guesses ,  a s  was sometimes suggested 
i n  t h e  p a s t  by workers i n  t h e  nonmathematical d i s -  
c i p l i n e s  . 
i t e d  t o  t h e  p o s i t i v e  s p i n a l  ( 5 )  and t r a n s v e r s e  ( 6 )  
d i r e c t i o n s ,  s o  fa r  as whole-body dynamics a r e  con- 
cerned, and t o  one for t h e  head ( 7 )  which is  pro-  
v i s i o n a l l y  assumed t o  apply i n  any d i r e c t i o n ;  mod- 
e l s  f o r  o t h e r  d i r e c t i o n s  a r e  c u r r e n t l y  being s t u d -  
i e d .  The process  of amassing s u f f i c i e n t  d a t a  t o  
gene ra t e  these  models I s  much too  Complicated t o  
permit  a s imple summary i n  a b r i e f  review of t h i s  
Numbers i n  parentheses  des igna te  References a t  
The c e n t r a l  assumption of t h i s  paper  i s  t h a t  
The dynamic models so far developed a r e  lim- 
t h e  end of t h e  paper. 
na tu re ,  except  t o  no te  that  i t  covers a very broad 
range involv ing  ex tens ive  cadaver da t a  on such 
elements as ind iv idua l  v e r t e b r a  ( 8 ) ,  AMFtL measure- 
ments of t h e  s t eady  s t a t e  and t r a n s i e n t  impedance 
of l i v e  human s u b j e c t s  ( 9 )  , numerous measurements 
of s h o r t  pe r iod  a c c e l e r a t i o n  to l e rance  (lo), drop 
t e s t s  (ll), and such d ive r se  documents as t h e  r ec -  
ords of t h e  American Alpine Club ( 1 2 ) .  The r e -  
s u l t s  of t h e s e  s t u d i e s  a r e  embodied i n  F ig .1 .  
m 
2K 
m = mass 
k = sp r ing  s t i f f n e s s  
2K til damper c o e f f i c i e n t  
y = input  a c c e l e r a t i o n  
Y e  
Fig. 1 Dynamic 
model of human body 
A s  one would expect,  t h e r e  I s  a n  inhe ren t  var -  
i a b i l i t y  i n  t h e  r e s u l t s  of t hese  ana lyses .  The 
h e a l t h y  human body i s  a s ton i sh ing ly  s t anda rd  i n  
some ways - as wi tness  t h e  f a c t  that  i t s  tempera- 
t u r e  is  98.6 F * 0 . 2  F for mil l ions  of specimens - 
but  t h e r e  is n a t u r a l l y  a v a r i a t i o n  i n  such a r e a s  
a s  muscle tone, bone and a r t e r y  s t r e n g t h  and s t i f f -  
ness ,  and s o  f o r t h .  By t h e  use  of s u i t a b l e  meth- 
ods of a n a l y s i s  it i s  found t h a t  some of t h e  ap- 
p a r e n t  v a r i a b i l i t y  is  r e a l l y  a v a r i a t i o n  w i t h  age ,  
and that  t h e  r e s i d u a l  v a r i a t i o n  i s  q u i t e  s u r p r i s -  
i n g l y  small, s o  fa r  a s  those  f a c t o r s  which i n f l u -  
ence a c c e l e r a t i o n  to l e rance  a r e  concerned. Pre-  
sumably, b i o l o g i s t s  w i l l  i d e n t i f y  more s p e c i f i c  
f a c t o r s  t han  age i n  t h e  f u t u r e ,  and f u r t h e r  reduce 
t h e  random v a r i a t i o n ;  indeed, many such f a c t o r s  
have a l r e a d y  been i d e n t i f i e d ,  and i t  is  obvious 
t h a t  a r t e r y  s t i f f n e s s  could be c o r r e l a t e d  a g a i n s t  
s u b j e c t  age  and Atherogenic Index, f o r  example. 
An a d d i t i o n a l  source  of v a r i a b i l i t y ,  when an- 
a lyz ing  t h e  r e s u l t s  of whole body experiments ,  is 
t h e  s u b j e c t ' s  p o s t u r e .  This  i s  p a r t i c u l a r l y  i m -  
p o r t a n t  i n  t h e  case  of s p i n a l  a c c e l e r a t i o n ,  a s  
po in t ed  out  by Latham (1) and Bosee and Payne (13)  
because canted  ve r t eb rae  a r e  s i g n i f i c a n t l y  l e s s  





a function of dynamic response index 
Probability of minor spinal injury as 
I namic models s o  f a r  developed a r e  f o r  l lwell-sup- por ted"  s u b j e c t s  and no one is b e t t e r  aware than  
we of t h e  u n s a t i s f a c t o r y  n a t u r e  of t h i s  vague 
q u a l i f i c a t i o n !  
By f a r  t h e  b e s t  e s t ima tes  of v a r i a b i l i t y  a r e  
f o r  t h e  p o s i t i v e  s p i n a l  d i r e c t i o n  and t h e  appro- 
p r i a t e  curve,  t aken  from S t e c h l s  work (14) is g i v -  
en i n  F ig .2 .  S ince  t h e  c r i t i c a l  "Dynamic Response 
I Index" ( D R I )  g iven  i n  F i g . 1  is f o r  a 50 percent  
p r o b a b i l i t y  of (minor) i n j u r y ,  F ig .2  enables us 
t o  determine the c r i t i c a l  D R I  f o r  any o the r  prob- 
a b i l i t y  of i n j u r y  (P. I. ) . 
, The p h y s i c a l  b a s i s  f o r  F i g . 2 ,  and a d e t a i l e d  
d i s c u s s i o n  of i t s  l i m i t a t i o n s ,  is g iven  by Stech  
I n  concluding t h i s  s e c t i o n  on dynamic models 
' 
I 
( 1 4 ) .  
I 
we w i l l  b r i e f l y  look a t  some of t h e  r e s u l t s  ob- 
t a i n e d  wi th  them, i n  o rde r  t o  r e l a t e  t h e  theory  
t o  p r a c t i c a l  ca ses  w i t h i n  g e n e r a l  exper ience .  In 
F i g . 3  t h e  50 percen t  i n j u r y  curves a r e  p l o t t e d  f o r  
r e c t a n g u l a r  and h a l f - s i n e  a c c e l e r a t i o n  p u l s e s ,  a s  
a f u n c t i o n  of p u l s e  du ra t ion ,  f o r  both p o s i t i v e  
s p i n a l  and t r a n s v e r s e  d i r e c t i o n s ,  and ignoring 
head l i m i t s .  I n  o t h e r  words, t h e  head is assumed 
t o  be s u f f i c i e n t l y  wel l  r e s t r a i n e d  t o  r a i s e  i t s  
t o l e r a n c e  l e v e l  t o  that of t h e  whole body. In 
p r a c t i c e  this is achievable  i n  every vec to r  d i r e c -  
t i o n  except s p i n a l ,  where a s u f f i c i e n t l y  s h o r t  
r i s e  time w i l l  r e s u l t  i n  p r e s s u r e  waves being 
t r a n s m i t t e d  d i r e c t l y  up t h e  s p i n e  t o  t h e  head. 
(While t h i s  is admi t t ed ly  s t i l l  a n  hypo thes i s ,  
anyone can  t e s t  i t  by s l i p p i n g  on i c e ,  making a 
"One-pOint" l and ing  on t h e  but tocks  and examining 
t h e  r e s u l t i n g  headache! ) 
Thus in t h e  c a s e  of p o s i t i v e  s p i n a l ,  very 
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Fifty percent probability of injury curves 
for positive spinal and transverse acceleration 
s h o r t  r i s e  times w i l l  cause head involvement, and 
t h e  50 percen t  i n j u r y  curves w i l l  be modified as 
shown i n  F ig .4 .  It should  be emphasized t h a t  the 
head involvement i n  p o s i t i v e  s p i n a l  a c c e l e r a t i o n  
has a cons ide rab le  amount of experimental  v e r i f i -  
c a t i o n ,  as is shown i n  S t e c h l s  a n a l y s i s  of 
Swearingen's p ioneer ing  drop t e s t s  (11) , involving 
162 drops wi th  l i v e  human s u b j e c t s .  
It is i n t e r e s t i n g  t o  compare t h e  i n j u r y  curves  
i n  F i g .  5 w i t h  the " t o l e r a n c e  limits" suggested by 
e a r l i e r  i n v e s t i g a t o r s ,  and t h i s  is  done i n  Figs.5 
and 6 f o r  t r a n s v e r s e  and p o s i t i v e  s p i n a l .  
F i n a l l y ,  we may a sk  whether t h e  models g i v e  
reasonable  agreement wi th  e s t ab l i shed  to l e rance  
l i m i t s  t o  s t e a d y - s t a t e  s i n u s o i d a l  v i b r a t i o n .  P a r t  
o f  t h e  answer t o  t h i s  ques t ion  is  i l l u s t r a t e d  I n  
F i g . 7  where we s e e  that t h e r e  is  r a t h e r  a broad 
range of experimental  curves ,  depending upon t h e  
details  of the t e s t  and t h e  a c t u a l  end-point being 
i n v e s t i g a t e d .  None of t h e s e  end p o i n t s  cor re-  
sponds t o  t h e  v e r t e b r a l  i n j u r y  f o r  which t h e  dy- 
namic model was developed, s o  it is somewhat s u r -  
p r i s i n g  t o  s e e  t h a t  reasonable  agreement can be 
obtained a t  low f r equenc ie s  merely by taking a 
lower ( an  a r b i t r a r y )  D R I  value.  Above a frequency 
of 8 cps it is evident  t'nat another  mode of defor -  
mation becomes important,  however, and f o r  a ful- 
l e r  d i scuss ion  of this ,  r e fe rence  should be made 
t o  t h e  work of von Gierke (16). 
We have now es t ab l i shed ,  a l b e i t  w i t h  a number 
of r e s e r v a t i o n s ,  dynamic models which desc r ibe  t h e  
human body a s  a c c u r a t e l y  a s  t h e  a v a i l a b l e  exper i -  
mental da t a  permi t .  Thus we a r e  now i n  a p o s i t i o n  
t o  examine t h e  e f f e c t  of p lac ing  another  dynamic 
system - t h e  r e s t r a i n t  system - i n  s e r i e s  w i t h  i t .  
i 
a WHOLE BODY I- 
K 
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Comparison of transverse injury curves with 
PULSE DURATION, At (SEC) 
Fig. 5 
"tolerance limits" suggested by earlier investiga- 
tion (rectangular pulse) 
I n  most cases  we s h a l l  ignore t h e  in f luence  of 
damping i n  t h e  human body, i n  t h e  i n t e r e s t s  of 
mathematical s i m p l i c i t y .  Although th i s  obviously 
inf luences  t h e  r e s u l t s ,  it does not  have a s e r i o u s  
e f f e c t  upon t h e  genera l  t r e n d s .  
Funct ion  of a Res t r a in t  System 
A r e s t r a i n t  system has t h r e e  d i s t i n c t  func-  
t i o n s  t o  perform, although, u n t i l  r e c e n t l y ,  only 
t h e  f i r s t  two have rece ived  any r e a l  a t t e n t i o n .  
condi t ions  of  high a c c e l e r a t i o n  and main ta in  h i s  
Obviously, it must  r e s t r a i n  i t s  occupant under 
IOOOl I I I - FROST (50% PROBABILITY OFINJURY) _.__ HEGENWALD.HEAD IN (REF. 21) --- HEGENWALD HEAD OUT 
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Fig. 7 Human tolerance to sinusoidal 
vibration in a spinal direction 
Legend for Fig. I 
1 Zeigenruecker and Magid, WCDC TR 59-18 
2 Mandel and Lowry, AMRL-TDR-62-121 
3 Magid, Coermann, and Zeigenruecker, JAM, 
vol. 31, pp. 915-924, 1960 
4 Frost Engineering dynamic model of human body, 
spinal seated 
5 Same source as 3 
NOTES: 1 involves variable tolerance times, from 
18-208 sec; 2 50-70 sec tolerance (1 min 
tolerance); 3 based upon respiratory dif- 
ficulties; 5 "short time" tolerance 
4 
VEHICLE OCCUPANT, 
Fig. 8 Definition o f  e l ~ r n e ~ t s  
pos tu re  i n  h i s  s e a t  o r  couch i n  such a way t h a t  
he is b e s t  a b l e  t o  perform h i s  t a sks  and withstand 
the  loads  app l i ed  t o  h i s  body. 
der  'normal cond i t ions ,  when i t s  occupant i s  not  i n  
need of i t s  r e s t r a i n i n g  a b i l i t i e s .  
s ense ,  a shoulder  harness  should not obtrude on 
t h e  consciousness  of i t s  wearer, and should no t  
i n h i b i t  any of his  body movements a s soc ia t ed  wi th  
t h e  execut ion  of his  normal t a s k s .  I n  a p o s i t i v e  
sense ,  r e s t r a i n t  elements such a s  cushions a r e  in- 
t roduced t o  inc rease  comfort under normal condi-  
t i o n s ,  and do not n e c e s s a r i l y  p l ay  a s i g n i f i c a n t  
r o l e  i n  r e s t r a i n i n g  the  s e a t  o r  couch occupant 
when sub jec t ed  t o  a c c e l e r a t i o n .  
Equal ly  obviously,  i t  must be comfortable  un- 
I n  a negat ive  
DYNAMIC MODEL OF ;g;;- HUMAN BODY 
STRUCTURE 
DYNAMIC MODEL OF 
RESTRAINT SYSTEM 
Fig. 9 Dynamic model of Fig.8 
F i n a l l y ,  t h e  f a c t  t h a t  a r e s t r a i n t  system is  
r e s i l i e n t  means t h a t  i t  w i l l  modify t h e  na tu re  of 
any a c c e l e r a t i o n  appl ied  t o  i t .  Obviously, it 
should a t t e n u a t e  r a t h e r  t han  magnify t h e  acce le ra -  
t i o n ,  and i n  t h e  contex t  of th is  paper  a dynami- 
c a l l y  optimum r e s t r a i n t  system w i l l  y i e l d  t h e  max- 
imum degree of a t t e n u a t i o n  ( o r  minimum ampl i f ica-  
t i o n )  p o s s i b l e  w i t h i n  i ts  space l i m i t a t i o n s .  It 
is  with t h i s  a spec t  of  r e s t r a i n t  system design 
t h a t  we a r e  concerned i n  this  paper.  
M O D L F I C A T I O N  OF INPUT ACCELERATION 
BY A RESTRAINT SYSTEM 
An " i n p u t  a c c e l e r a t i o n "  i s  def ined as t h e  ac-  
c e l e r a t i o n  of t h e  v e h i c l e ' s  s t r u c t u r e .  Th i s  i s  a 
r a t h e r  l o o s e  d e f i n i t i o n ,  s i n c e  t h e  f l e x i b i l i t y  i n -  
he ren t  i n  any s t r u c t u r e  w i l l  r e s u l t  i n  somewhat 
y c  t 
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Fig. 11 M.odification of input accelera- 
tion by a soft-restraint system 
d i f f e r e n t  a c c e l e r a t i o n s  being measured a t  d i f f e r -  
en t  p o i n t s .  S ince  we a r e  i n t e r e s t e d  i n  t h e  physi-  
o l o g i c a l  e f f e c t  of an  a c c e l e r a t i o n ,  however, we 
a r e  obviously t a l k i n g  about t h e  s t r u c t u r a l  e l e -  
ments imnediately adj'acent t o  t h e  v e h i c l e ' s  occu- 
pant  and h i s  r e s t r a i n t  system, t h i s  being usua l ly  
h i s  s e a t  or couch. 
i n i t i a l  g e n e r a l i z a t i o n  t h a t  f requencies  i n  excess 
of 100 cps w i l l  have no phys io log ica l  e f f e c t ,  pa r -  
t i c u l a r l y  s i n c e  i n  p r a c t i c e  t h e  amplitude a s soc i -  
a t e d  w i t h  such high f requencies  is  almost always 
n e g l i g i b l e ,  s o  t h a t  we can ignore  t h e  f i n e - g r a i n  
d e t a i l s  of t h e  s t r u c t u r e ' s  acce le ra t ion- t ime h is -  
t o r y .  
under cons ide ra t ion  i s  shown i n  F ig .10  and t h e i r  
dynamic equiva len t  i n  F i g . 8 .  Note t h a t  t h e  mass 
of t h e  r e s t r a i n t  system can almost always be ne- 
I n  a d d i t i o n ,  we can make t h e  
One arrangement of t h e  t h r e e  s e p a r a t e  elements 
5 
ACCELERATION F E L T  
BY OCCUPANT 
T I M E  
Fig.12 Modificarion of a short-period 
acceleration by a restraint system which 
bottoms out 
(01  LIN-R SPRING ( b l  CONSTANT FORCE (CILINEAR DAMPER 
F O R C E =  k l  (“FOAM”) F 2!< fi 
d t  
Fig. 14 Restraint system idealization 
f i t  of t h e  occupant,  i n  t h i s  p a r t i c u l a r  ca se .  We 
g l e c t e d ;  a g e n e r a l i z a t i o n  which we can formalize can equa l ly  w e l l  experience t h e  oppos i t e ,  however, 
by r equ i r ing  i t s  n a t u r a l  frequency t o  be above 30 and Fig*12 a in point. Here the 
r e s t r a i n t  system bottoms out  be fo re  i t  can c a r r y  cps when unoccupied. 
The input  accelerat ion-t ime h i s t o r y ,  measured the load to so that its Occupant 
no t  only has t o  withstand the f u l l  p l a t e a u  acce l -  i n  t h e  s t r u c t u r e ,  may have almost any form, and 
e r a t i o n  but  a l s o  has t o  absorb a n  impulsive acce l -  some t y p i c a l  ones a r e  sketched i n  F ig .10 .  I n  
e r a t i o n  a t  t h e  same t ime.  
w e  obviously cannot begin t o  encompass t h e  v a r i e t y  
of i npu t  p u l s e  shapes sketched i n  F ig .10 ,  b u t  must 
confine ourselves  t o  very s imple i d e a l i z a t i o n s .  
It i s  found that t h e  two most u s e f u l  ones a r e  
those  dep ic t ed  i n  F ig .13 ,  s i n c e  they  encompass t h e  
When examining these  e f f e c t s  mathematically,  
( 0  t b )  
Fig. 13 Idealized acceleration inputs 
mathematical ana lys i s  i t  is r e f e r r e a  t o  as y , 
t h e  u n i t s  being f t / s e c 2 ,  while i n  more g e n e r a l  
work t h e  n o t a t i o n  G i s  used: 
C 
yc yc 
g 3 2 . 2  
G = - = -  
Thus G i s  nondimensional. Note t ha t  we o f t e n  re- 
f e r  t o  y o r  G as the  “ inpu t  a c c e l e r a t i o n , ”  or 
more simply, as the  “ i n p u t . ”  
sume t h a t  t h i s  i s  appl ied  t o  a very s o f t  r e s t r a i n t  
sys tem,  w i t h  a very long t r a v e l  before  it bottoms 
o u t ,  then t h e  acce le ra t ion  f e l t  by I t s  occupant I s  
as sketched i n  Fig.11. Obviously, we have modi- 
f i e d  t h e  inpu t  v e r y  S i g n i f i c a n t l y  and t o  t h e  bene- 
C 
If we now t ake  t h e  case  of Fig:lO(f) and as- 
t LINEAR APPROXIMATION,O,l’/i A ROXIMATION 
I BOTTOMING 







two extremes of the p u l s e  shapes i n  which we a r e  
i n t e r e s t e d  . 
A g r e a t  deal of t h e o r e t i c a l  work has been ac -  
complished using t h e s e  two f o r c i n g  f u n c t i o n s ,  t h e  
f i r s t  of which w i l l  of course be recognized as the 
Dirac impulse f u n c t i o n .  
I n  g e n e r a l ,  t h e  case  of F i g . l 3 ( a )  w i l l  apply 
t o  any p u l s e  whose du ra t ion  is  less t h a n  (1/w ) 
seconds ,  where a i s  t h e  n a t u r a l  frequency of t h e  
dynamic system i n  radians/sec,  while  F ig  . l 3 ( b )  ap- 
p l i e s  t o  du ra t ions  i n  excess of ( 3 / w )  seconds.  
using t h e s e  f o r c i n g  func t ions  we can d e r i v e  some 
g e n e r a l  g u i d e  l i n e s  and bas i c  theorems Which w i l l  
h e l p  i n  t h e  s e l e c t i o n  of optimum r e s t r a i n t  systems 
for the  more i r r e g u l a r  acce le ra t ion - t ime  h i s t o r i e s  
6 
RANGE OF 
DEF L E C T ~ O N ~  
e REAL RESTRAINT 
DEFLECTION RATE dl; 
d t  
REAL RESTRAINT A SYSTEM '1 p ;ONSTANT APPROXlYATlON F R C E 7  1 
P - W -  - - 
DEFLECTION 8 I 
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yc 
Fig. 18 DRI magnification by slack 
harness, for a short-period accelera- 
tion Yc (rigid restraint system) 
which a r e  experienced i n  p r a c t i c a l  a p p l i c a t i o n s .  
It should be r e a l i z e d  t h a t  t h e  t r u e  optimum can 
only be  obtained by so lv ing  the equations of mo- 
t i o n  f o r  t h e  a c t u a l  i npu t  under cons ide ra t ion ,  
however, and that t h e  gu ide  l i n e s  deduced f r o m  
i d e a l i z e d  i n p u t s  are nothing more than  g e n e r a l  i n -  
d i c a t i o n s .  
Simple I d e a l i z a t i o n s  of a R e s t r a l n t  System 
We have s e e n  t h a t  mathematical a n a l y s i s  i s  on- 
l y  p o s s i b l e  when a ve ry  s imple a c c e l e r a t i o n  inpu t  
is employed. The same is t r u e  of t h e  mathematical 
r e p r e s e n t a t i o n  which is used t o  desc r ibe  t h e  dy- 
namic c h a r a c t e r i s t i c s  of the r e s t r a i n t  system, and 
t h e  t h r e e  i d e a l i z a t i o n s  used i n  t h i s  r e p o r t  a r e  
shown i n  F ig .14 .  
The d e f l e c t i o n  r equ i r ed  t o  bottom the system 
RESTRAINT PRE-LOAD WRAMETER w a ( S t ) O  
bV 
Fig. 19 
ness pre-tension for impact acceleration 
DRI magnification due to har- 
is  def ined as glB, the s u f f i x  (1) always denoting 
that  t h i s  parameter refers t o  the res t ra int  sys-  
tem. 
s e n t a t i v e  of m a t e r i a l s  w i t h  n e g l i g i b l e  damping. 
Thus it  could w e l l  apply t o  any c losed  c e l l  foam 
cushion, f o r  example. The f a c t  t ha t  such re- 
s t r a i n t  m a t e r i a l s  a r e  e s s e n t i a l l y  non l inea r  s o  f a r  
as their  fo rce -de f l ec t ion  curves are concerned, 
does n o t  n e c e s s a r i l y  i n v a l i d a t e  the u s e  of t h i s  
approximation, as F i g . 1 5  shows, s o  t h a t  it can be  
a p p l i e d  t o  many p r a c t i c a l  ca ses .  I n  the same way, 
t h e  cons t an t  f o r c e  and l inear damper approxima- 
t i o n s  can a l s o  be  s u b s t i t u t e d  f o r  many r e a l  sys- 
tems, as shown i n  Figs.16 and 17.  Thus t h e  i d e a l -  
i z a t i o n s  of ~ i g . 1 6  a r e  ve ry  much more u s e f u l  than  
m i g h t  appear a t  first s i g h t .  
It can be shown tha t  the " q u a l i t y "  of a r e -  
s t r a i n t  system, i r r e s p e c t i v e  of its phys ica l  na- 
t u r e ,  is  defined by a s i n g l e  parameter f o r  each 
type of a c c e l e r a t i o n  i n p u t .  Fo r  a n  impulsive ve- 
l o c i t y  change (Av) t h i s  parameter is  
The sp r ing  i l l u s t r a t e d  i n  F i g . l 4 ( a )  is r ep re -  
A V  
impulsive v e l o c i t y  change O 2  6lB - 
human body n a t u r a l  f requencyx bottoming depth 
Obviously, i f  
Av i s  i n  f p s  
w 2  is i n  r ad ians  
SIB is i n  f t  
The sma l l e r  t h e  va lue  of th is  parameter,  the  
7 
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yc Fig. 21 Attenuation of an impulsive acceleration by ideal- 
PRE-LOAD FORCE (LE)  ized restraint systems &*%I) 0 -= 
Pc WT. OF OCCUPANT(LB) X ACCELERATION (9’s) 
Fig. 20 
acceleration by preloading the restraint system 
Attenuation of DEU d u e  to a short-period 
g r e a t e r  t h e  a t t e n u a t i o n  of a g iven  impact. 
q u a l i t y  parameter is 
0 ,  
For a s h o r t  per iod  a c c e l e r a t i o n  (Y,)  t h e  
< c 
y C  
0 2  61, 
a c c e l e r a t i o n  magnitude - 
human body n a t u r a l  frequency 5 bottoming depth 
2 t h e  u n i t s  being as before ,  and Yc b e i n g  i n  f t / s e c  . 
The v a r i a t i o n  of a t t e n u a t i o n  with t h i s  parameter 
is more complex, and w i l l  be discussed i n  l a t e r  
s e c t i o n s .  
“ 0  
INFLUENCE OF SLACK OR PRELOAD 
I N  A RESTRAINT SYSTEM 
When a harness  o r  r e s t r a i n t  system is  s l a c k ,  
s o  t h a t  t h e  occupant has t o  t r a v e l  a d i s t ance  Ss 
before  contact ing i t ,  t h e  dynamic response t o  a 
sho r t -pe r iod  a c c e l e r a t i o n  w i l l  be magnified.  The 
magnif icat ion f a c t o r  i s  g iven  i n  ~ l g . 1 8 ,  which i s  
based upon t h e  theory of r e fe rence  (17)  f o r  a very 
s t i f f  ( i n  r e l a t i o n  t o  t h e  human body) r e s t r a i n t  
system. 
nes s ,  t h e  more complicated a n a l y s i s  i n  (1’7) shows 
tha t  t h e  D R I  magnif icat ion w i l l  u s u a l l y  be less 
than  t h e  value given i n  Fig.18. 
The D R I  due t o  an impulsive a c c e l e r a t i o n  is 
unaffected by harness s l a c k .  P re t ens ion ,  on t h e  
o t h e r  hand, is harmful i n  t h i s  ca se ,  and causes 
t h e  magnif icat ion shown i n  F i g .  1 9 .  This  harmful 
When t h e  r e s t r a i n t  system has a lower s t i f f -  
e f f e c t  is q u i t e  sma l l ,  however, f o r  p r a c t i c a l  pre-  
load  va lues ,  
For sho r t -pe r iod  a c c e l e r a t i o n s ,  preloading r e -  
duces t h e  dynamic response ,  bu t  once aga in  t h e  e f -  
f e c t  i s  only a few pe rcen t  i n  magnitude f o r  prac-  
t i c a l  va lues ,  as shown i n  F ig .20 .  
conclus ions ,  s o  f a r  a s  t h e  D R I  is concerned: 
I n  summary, then ,  we can draw the following 
Slack harness  Preloaded harness  
Impuls i v e  
S h o r t  -per iod  
a c c e l e r a t i o n . . n o  e f f e c t  s l i g h t l y  harmful 
a c c e l e r a t i o n . . v e r y  harmful s l i g h t l y  b e n e f i c i a l  
S ince  a s l a c k  harness  can l e a d  t o  very large 
magn i f i ca t ion  i n  t h e  sho r t -pe r iod  case ,  i t  should 
always be avoided. The dynamic e f f e c t s  of p re -  
l oad ing ,  both f avorab le  and unfavorable ,  a r e  s o  
small t h a t  we can probably n e g l e c t  them i n  r e l a -  
t i o n  t o  two much more cogent reasons  f o r  p re t en -  
s ion ing :  v i z ,  
( a )  It guarantees  t h a t  no s l a c k  e x i s t s ,  
( b )  It enforces  good body pos tu re  i n  a prop- 
e r l y  design r e s t r a i n t  system. 
OPTIMUM RESTRAINT SYSTENS FOR IMPACT ACCELERATION 
The optimum r e s t r a i n t  system f o r  an  impulsive 
v e l o c i t y  change ( A V )  i s  one which j u s t  bottoms-out 
as t h e  maximum load  i s  reached .  I n  t h i s  way, w e  
o b t a i n  t h e  b e n e f i t  of t h e  maximum d e c e l e r a t i o n  
d i s t a n c e  a v a i l a b l e .  
The performance of t h e  t h r e e  i d e a l i z e d  r e -  
s t r a i n t  systems is p l o t t e d  nondimenslonally i n  
F ig .21 ,  where it is seen  t h a t  f o r  
8 
IMPULSIVE VELOCITY CHANGE IN FT/SEC 
Fig. 22 Variation of DEU with impul- 
sive acceleration for various optimized 
cushions 
I I I 
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Fig. 23 Attenuation of a zero-rise t ime accelera- 
tion for various optimized cushions 




A t y p i c a l  c a l c u l a t i o n  for a p r a c t i c a l  case  is 
g iven  i n  F lg .22 ,  where D R I  is p l o t t e d  a g a i n s t  i m -  
p u l s i v e  v e l o c i t y  change for a bottoming depth of 
two inches .  The c r i t i c a l  v e l o c i t y  change for 50 
percen t  p r o b a b i l i t y  of i n j u r y  is  seen  t o  be 
23.7 f p s  f o r  s p r i n g - r e s t r a i n t  system 
27.0 f p s  for foam-res t r a in t  system 
28.7 f p s  for viscous-damping case  
)1 .75  v iscous  damping is  optimum. 
/ 
I I 
IO 20 0 
Fig.24 
RESTRAINT SYSTEM FREQUENCY IN C.P.S. 
Effect of restraint system stiffness upon 
DEU due to a n  impulsive velocity change 
These f i g u r e s  compare with 19 .8  fps  f o r  a 50 
percen t  p r o b a b i l i t y  of s p i n a l  i n j u r y  without  any 
r e s t r a i n t  system a t  a l l ,  but t h e  improvement is 
b e t t e r  t han  would be ind ica t ed  by t h i s  comparison. 
A s  shown i n  F ig  .22, t h e  l i m i t i n g  v e l o c i t y  change 
for head i n j u r y  is much lower than  for s p i n a l  i n -  
j u ry ,  and this would be t h e  l i m i t i n g  f a c t o r  i f  no 
r e s t r a i n t  system were employed. Assuming l i n e a r  
d e c e l e r a t i o n  from 30 f p s ,  over a d i s t a n c e  of 2 
i n . ,  however, we s e e  that  t h e  r e s t r a i n t  system 
w i l l  t aka  about 31 m i l l i s e c  t o  absorb t h e  shock. 
From F i g . 1 ,  we s e e  that  t h i s  is i n  t h e  " s h o r t -  
dura t ion"  regime for head i n j u r y ,  s o  t h a t  t h e  r e -  
s t r a i n t  system has e f f e c t i v e l y  e l imina ted  th i s  
p a r t i c u l a r  i n j u r y  mode. 
Thus t h e  u s e  of an  optimum damper r e s t r a i n t  
system, wi th  a bottoming depth of 2 i n . ,  e f f e c -  
t i v e l y  doubles t h e  t o l e r a b l e  impulse f o r  t h e  hu- 
man body i n  t h e  p o s i t i v e  s p i n a l  d i r e c t i o n .  
OPTIMUM RESTRAINT SYSTEMS FOR 
SHORT-PERIOD ACCELERATION 
Unless they  a r e  s o  r i g i d  that  they  cannot de- 
f l e c t  a t  a l l ,  bo th  foam and sp r ing  r e s t r a i n t  sys- 
tems will magnify a shor t -pe r iod  a c c e l e r a t i o n .  
Thus the optimum foam system i s  def ined  a s  one 
which r e q u i r e s  a crushing f o r c e  g r e a t e r  t han  
0 0  
2 Yc m 
i . e . ,  2 * a c c e l e r a t i o n  inputA mass of occupant o r  
2G(mg) 
S i m i l a r l y ,  t h e  optimum sp r ing  r e s t r a i n t  system 
w i l l  r e q u i r e  a f o r c e  l a r g e r  than  t h i s  va lue  t o  
bottom it. This  a spec t  is discussed  i n  more de- 
t a i l  i n  t h e  next  s e c t i o n ,  and t h e  minimum re- 
9 
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RESTRAINT SYSTEM FREQUENCY IN C. 
I I I 1 1 1 0 2 4 6 8 IO Fig. 26 Variation of DRI with re- 
straint for 2-in. bottoming depth - BOTTOMING DEPTH PARAMETER -: 4./ u, 
spinal acceleration Fig. 25 Influence of a linear spring 
restraint system on the DEU of a n  un- 
damped dynamic model 
s t r a i n t  system frequency f o r  optimum performance 
is p l o t t e d  I n  Fig.27. 
Only a damped r e s t r a i n t  system can a t t e n u a t e  
a zero  r i s e  t ime, shor t -per iod  a c c e l e r a t i o n ,  t h e  
a t t e n u a t i o n  func t ion  being t h a t  p l o t t e d  i n  F ig .23 .  
S ince  a damper is a l s o  optimum, o r  near  optimum, 
f o r  impact a c c e l e r a t i o n s ,  it seems l i k e l y  t h a t  a 
damping system w i l l  be optimum o v e r a l l .  
NONOPTIMUM RESTRAINT SYSTEMS 
Bottoming Spring Res t r a in t  
g iven  i n  r e fe rence  ( 1 7 ) .  
t i o n s ,  t h e  e f f e c t  of r e s t r a i n t  system frequency 
on s p i n a l  D R I  is  examined i n  F ig .24 ,  us ing  a bot -  
toming depth  of 2 i n .  It is  obvious t h a t  t h e  min- 
imum D R I  occurs  when t h e  r e s t r a i n t - s y s t e m  s t i f f -  
ness is such t h a t  i t  j u s t  bottoms out a s  t h e  occu- 
pant  reaches  h i s  maximum d e f l e c t i o n .  It should be 
noted t h a t  any r e s t r a i n t  r e s i l i e n c y  is b e n e f i c i a l  
i n  t h e  impact ca se ,  however, and t h a t  t h e  measure 
of i ts  e f f ec t iveness  is  the  work r equ i r ed  t o  bot -  
tom i t .  
This  p i c t u r e  is reversed  f o r  a sho r t -pe r iod  
a c c e l e r a t i o n ,  i n  t h a t  a r e s t r a i n t  r e s i l i e n c y  with 
ze ro  damping can never a t t e n u a t e  t h e  e f f e c t s  of 
t h e  inpu t  acce le ra t ion .  Indeed, if t h e  r e s t r a i n t  
s t i f f n e s s  is l e s s  than a c e r t a i n  c r i t i c a l  va lue ,  
it w i l l  magnify t h e  D R I ,  r e l a t i v e  t o  t h a t  ob ta ined  
w i t h  a r i g i d  support .  
The theory  of a spr ing  r e s t r a i n t  system i s  
A s  an  i l l u s t r a t i o n  of t h e  use  of t hese  equa- 
RESTRAINT SYSTEM 
MAQNIFIES nrt I 
- 
- 
I 1 J 
0 IO 20 
INPUT ACCELERATION Ys/a 
Fig. 27 Critical restraint system 
frequency for zero magnification 
of zero rise time acceleration 
This i s  i l l u s t r a t e d  i n  Flg.25. Using t h i s  
c h a r t ,  t h e  e f f e c t  of any bottoming r e s i l i e n c y  on 
t h e  D R I  can be r ap id ly  obtained f o r  a cons tan t  
a c c e l e r a t i o n  w i t h  zero r i s e  time. 
A s  an  i l l u s t r a t i o n  of t h e  use  of F ig .25 ,  F i g .  
26 p re sen t s  t h e  r e s u l t s  o f  c a l c u l a t i o n s  f o r  s i m i -  
l a r  condi t ions  t o  those  used i n  F i g . 2 4 ;  w i t h  a 
10-g inpu t  a c c e l e r a t i o n ,  f o r  i n s t ance ,  t h e  r e -  
s t r a i n t  frequency must be g r e a t e r  t han  1 0  cps i f  
magni f ica t ion  of t h e  D R I  i s  t o  be avoided. If t h e  
r e s t r a i n t  f requency were only 4 cps ,  t h e  D R I  would 
be nea r ly  50 percen t  g r e a t e r  than  t h e  va lue  ob- 
t a i n a b l e  w i t h  a " r ig id"  system. 
The c r i t i c a l  f requency which must be exceeded, 
i f  t h i s  magni f ica t ion  is t o  be avoided,  i s  p l o t t e d  
i n  F ig .27 .  T h i s  r e s u l t  is  independent of t h e  f r e -  
quency of the dynamic model of t h e  human body, be- 
ing a f u n c t i o n  only of t h e  bottoming depth 6 and 
t h e  inpu t  a c c e l e r a t i o n  k', . I n  t h e  g e n e r a l  ca se  it 
is  obviously b e s t  t o  forego  t h e  impact a t t e n u a t i o n  
of a s o f t  r e s t r a i n t  system and des ign  f o r  a f r e -  
quency i n  excess  of t h e  minimum va lue  s p e c i f i e d  i n  
F ig .30 ,  s o  t h a t  a t  l e a s t  we avoid magni f ica t ion  of 
t h e  sho r t -pe r iod  a c c e l e r a t i o n .  
1B 
Bottoming Foam R e s t r a i n t  
A s  shown i n  ~ i g . 2 8 ,  t h e  D R I  due t o  impact va r -  
i e s  i n  r a t h e r  a complex manner when a cons t an t  
f o r c e  r e s t r a i n t  system is employed. The equat ions  
a r e  s o  s imple ,  however, that  t h e  use  of genera l -  
i z e d  s o l u t i o n  c h a r t s  i s  ha rd ly  worth whi le .  
Fo r  sho r t -pe r iod  a c c e l e r a t i o n s  w i t h  ze ro  r i s e  
w t  bt uaa 
Yc 
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Fig. 28 
with impulsive acceleration when a constant 
force ("foam") restraint system is used 
Variation of dynamic response index 
t ime, t h e  dynamic magni f ica t ion  of a foam system 
i s  p l o t t e d  i n  F ig .29 ,  based on t h e  theory  g iven  i n  
(17 ) .  
Viscous Damping R e s t r a i n t  
There is no gene ra l  closed-form s o l u t i o n  t o  
t h e  problem of a bottoming, v i scous  r e s t r a i n t  sys-  
tem. Optimum s o l u t i o n s  a r e  p o s s i b l e ,  however, 
s i n c e  we know that bottoming must not occur f o r  
t h i s  cond i t ion .  
The appropr i a t e  optimum s o l u t i o n s ,  based on 
t h e  theory  of ( 1 7 ) .  a r e  p l o t t e d  f o r  impact and 
shor t -pe r iod  a c c e l e r a t i o n s  i n  Figs  .30 and 31. The 
r equ i r ed  damping c o e f f i c i e n t s  f o r  optimum re- 
s t r a i n t  can be obtained from these  curves.  
RESTRAINT SYSTEM OPTIMIZATION FOR 
PRACTICAL E N G I N E E R I N G  PROBLEMS 
I n  th i s  paper  we have d iscussed  r e s t r a i n t  op- 
t i m i z a t i o n  under t h e  handicap of two s e r i o u s  l i m -  
i t a t i o n s  : 
( a )  We have gene ra l ly  ignored t h e  damping i n  
t h e  human body, f o r  a n a l y t i c a l  s i m p l i c i t y ;  
( b )  We have considered only two very s imple 
a c c e l e r a t i o n  i n p u t s .  
Nei ther  of t h e s e  s i m p l i f i c a t i o n s  can be j u s t i -  
f i e d  f o r  g e n e r a l  engineer ing use ,  where t h e  t r u e  
optimum is r e q u i r e d ,  a t  l e a s t  t o  w i th in  t h e  accu- 
r acy  of t h e  problem and our knowledge o f  t h e  dy- 
namics of  t h e  human body. Thus, most p r a c t i c a l  
problems have t o  be solved on a conguter ,  e i t h e r  
analog o r  d i g i t a l .  
A s u i t a b l e  d i g i t a l  program is given  i n  (l7), 
but  t h e  n a t u r e  of  t h e  problem i s  such that it is 
b e t t e r  s u i t e d  t o  t h e  a p p l i c a t i o n  of analog compu- 
t e r  techniques .  
I n  1961 we looked a t  t h i s  problem w i t h  a view 
t o  provid ing  a s imple y e t  a c c u r a t e  means of ena- 
b l ing  t h e  des ign  engineer  t o  e s t ima te  t h e  sever -  
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Fig. 29 
force restraint system, for a short-period accel- 





0 " DAMPING COEFFI~I~YNT RATO i s  
Fig. 30 Effect of restraint system 
damping upon DRI due to a n  im- 
pulsive velocity change A v 
i t y  of a g iven  acce lera t ion- t ime h i s t o r y ,  from a 
phys io log ica l  p o i n t  of view. It was obvious t h a t  
we could not de f ine  s imple r u l e s  (such a s  a c r i t -  
i c a l  " r a t e  of onse t , "  and s o  on) without  recourse  
t o  a mathematical d e s c r i p t i o n  of t h e  system, even 
if t h e  r e s t r a i n t  system were ignored. On t h e  
o the r  hand, engineer ing answers t o  this  s o r t  o f  
problem a r e  u s u a l l y  requi red  wi th  a minimum of  
cos t  and delay (which ru l ed  out  gene ra l  purpose 
computers) and by engineers  who a r e  g e n e r a l l y  un- 
11 
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Fig. 31 Influence of a damper re- 
straint upon DRI due to a zero rise 
time acceleration Yc 
Fig. 32 The Frost restraint analyzer prototype 
famil iar  with t h e  language of dynamics. 
l e m  was a "b lack  box" which e f f e c t i v e l y  packaged 
a l l  o u r  mathematics,  and which had but tons  marked 
"go" and "s top"  on t h e  f r o n t !  We f u r t h e r  decided 
tha t  the input  acce lera t ion- t ime h i s t o r y  should be 
se t  up by p l o t t i n g  i t  on a mechanical g raph ,  be- 
cause of t h e  f a c t  t h a t  it could have l i t e r a l l y  any 
shape ,  and that  t h e  "answer" - t h e  dynamic re-  
sponse index - should be read  out  on a meter .  Thus 
our  preprogrammed computer was intended t o  p r e s e n t  
two f a c e t s  t o  t h e  customer; i n s i d e  i t  would b e  an  
e l e c t r o n i c  s y n t h e s i s  of a l l  our  r e sea rch  in body 
We concluded t h a t  the b e s t  answer t o  t h e  prob- 
Fig. 33 Restraint analyzer bui t  for the Acrospace Medical 
search Laboratories, USAF 
dynamics, whi le  t h e  ou t s ide  would be as s imple t o  
use  as a tube  t e s t e r ,  r e q u i r i n g  no computer o r  
e l e c t r o n i c s  exper ience  on the  p a r t  of the u s e r !  
We demonstrated a small p ro to type  of such a 
computer (equipped wi th  vacuum-tube a m p l i f i e r s )  a t  
the 1961 Nat iona l  Academy of Sc iences  Symposium on 
"Accelera t ion  Impact S t r e s s "  (18) .  I l l u s t r a t e d  i n  
F ig .32 ,  t h i s  machine was funded by F r o s t  Engineer- 
i n g  and gave  e x c e l l e n t  s e r v i c e  before  i t  was r e -  
t i r e d  e a r l y  t h i s  y e a r .  
I n  1962 t h e  A i r  Force ordered  a " r e s t r a i n t  an- 
a l y z e r "  t o  the same g e n e r a l  s p e c i f i c a t i o n s  as t h e  
p ro to type ,  b u t  w i t h  t r a n s i s t o r i z e d  a m p l i f i e r s ,  and 
with a l a r g e  number of  d e t a i l e d  improvements. This  
u n i t  is i l l u s t r a t e d  i n  F ig .33 ,  and is  a much more 
s o p h i s t i c a t e d  device ,  capable  of g i v i n g  ve ry  pre-  
c i s e  r e s u l t s .  It is designed t o  b e  used by i t- 
s e l f ,  o r  connected up t o  a l a r g e  g e n e r a l  purpose 
computer as p a r t  of a l a r g e r  i n v e s t i g a t i o n  when, 
f o r  example, the dynamics of t h e  human occupant 
i n f luence  t h e  s t a b i l i t y  of a v e h i c l e .  
l y z e r  would obviously r e q u i r e  a paper  by i t s e l f ;  
p a r t i c u l a r l y  s i n c e  it has p e r i p h e r a l  c a p a b i l i t i e s ,  
such  as checking t h e  accuracy of acce lerometer  
t r a c e s  b y  i n t e g r a t i n g  the inpu t  w i t h  r e s p e c t  t o  
t i m e .  We merely observe h e r e  t h a t  it is capable  
of g i v i n g  t h e  D R I  f o r  any i n p u t ,  and tha t  the dy- 
namic c h a r a c t e r i s t i c s  of t h e  r e s t r a i n t  systems can 
be r a p i d l y  v a r i e d  t o  f i n d  t h e  optimum, w i t h i n  en- 
g i n e e r i n g  l i m i t a t i o n s ,  f o r  a g i v e n  i n p u t .  
the  rear of  t h e  ana lyze r .  All l o g i c  elements a r e  
mounted on p lug - in  c a r d s ,  s o  t h a t  they can be 
An adequate  d e s c r i p t i o n  of  t h e  r e s t r a i n t  ana- 
F i g . 3 4  shows t h e  d e t a i l s  of t h e  packaging i n  
1 2  
Fig. 34 Rear view of analyzer 
r e a d i l y  removed. The dynamic models of t h e  human 
body a r e  each on s e p a r a t e  cards  s o  t h a t  when con- 
t i n u i n g  r e s e a r c h  r e s u l t s  i n  modi f ica t ions ,  they 
can be r e p l a c e d  e a s i l y  by up-dated c i r c u i t s .  A 
t y p i c a l  l o g i c  card  is  i l l u s t r a t e d  i n  F i g . 3 5 ,  and 
i t  i s  i n t r i g u i n g  t o  r e f l e c t  t h a t  t h i s  very s imple 
assembly of r e s i s t o r s  and c a p a c i t o r s  summarizes 
t h e  r e s u l t s  of s e v e r a l  d,ecades and many m i l l i o n s  
of d o l l a r s  worth of r e s e a r c h  i n  body dynamics. 
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